Rapidly decreasing water availability as a consequence of climate change is likely to endanger the range of long-lived tree species. A pressing question is, therefore, whether adaptation to drought exists in important temperate tree species like European beech (Fagus sylvatica L.), a wide-spread, dominant forest tree in Central Europe. Here, five beech stands were selected along a precipitation gradient from moist to dry conditions. Neutral genetic markers revealed strong variation within and little differentiation between the populations. Natural regeneration from these stands was transferred to a common garden and used to investigate the expression of genes for abscisic acid (ABA)-related drought signaling [9-cis-epoxydioxygenase (NCED), protein phosphatase 2C (PP2C), early responsive to dehydration (ERD)] and stress protection [ascorbate peroxidase (APX), superoxide dismutase (SOD), aldehyde dehydrogenase (ALDH), glutamine amidotransferase (GAT)] that are involved in drought acclimation. We hypothesized that progenies from dry sites exhibit constitutively higher expression levels of ABA-and stress-related genes and are less drought responsive than progenies from moist sites. Transcript levels and stress responses (leaf area loss, membrane integrity) of well-irrigated and drought-stressed plants were measured during the early, mid-and late growing season. Principal component (PC) analysis ordered the beech progenies according to the mean annual precipitation at tree origin by the transcript levels of SOD, ALDH, GAT and ERD as major loadings along PC1. PC2 separated moist and drought treatments with PP2C levels as important loading. These results suggest that phosphatasemediated signaling is flexibly acclimated to the current requirements, whereas stress compensatory measures exhibited genotypic variation, apparently underlying climate selection. In contrast to expectation, the drought responses were less pronounced than the progeny-related differences and the transcript levels were constitutively lower in beeches from dry than from moist sites. These results imply that beeches from dry origins may have evolved mechanisms to avoid oxidative stress.
Introduction
European beech (Fagus sylvatica L.) is a dominant forest tree species of high economic value and ecological importance (Ellenberg 2009 ). Within its distribution range across Central Europe, this species grows preferentially on well-drained, moist soils; but at the margins of its occurrence beech stands also exist under moderately dry conditions (Paule et al. 1994 , Bolte et al. 2007 ). It has been forecast that climate change will lead to extended periods of drought stress in this century, especially during summer (Lindner et al. 2010) . Extended periods of drought stress can have profound, negative effects on tree vitality and forest productivity (Ciais et al. 2005 , Hanewinkel et al. 2013 , Williams et al. 2013 . In various regions, the current beech forests are, therefore, most likely threatened by the consequences of global change (Rennenberg et al. 2006 , Gessler et al. 2007 . It is, thus, important to understand the drought adaptation potential of this species.
The physiological drought responsiveness of beech has been studied in provenances from sites differing in annual precipitation. Progenies from different locations exhibit significant variations in growth, photosynthetic activity, leaf traits and leaf area, nutrient element concentrations, and accumulation of osmo-protectants under stress, indicating physiological plasticity (García-Plazaola and Becerril 2000, Peuke et al. 2002 , Czaikowski and Bolte 2006 , Meier and Leuschner 2008 , Rose et al. 2009 , Peuke and Rennenberg 2011 , Robson et al. 2012 and the potential availability of local, drought-adapted beech provenances (Bolte et al. 2007 , Pluess and Weber 2012 , Weber et al. 2013 . But the molecular and cellular mechanisms that may lead to differences in drought performance of beech are currently unknown.
A key pathway for drought acclimation involves abscisic acid (ABA) signaling to recruit drought defense responses which result in stomatal closure, thereby regulating plant water consumption (Shinozaki and Yamaguchi-Shinozaki 2007 , Popko et al. 2010 , Raghavendra et al. 2010 . A further common feature of drought stress is an increased production of reactive oxygen species. Therefore, activation of protective enzymes, especially of antioxidative defenses, is important to combat oxidative degradation of vulnerable structures such as cell membranes (Polle et al. 2006, Fischer and .
To address the plasticity and adaptation of beech in response to drought, we selected key genes involved in ABA signaling [9-cis-epoxy-dioxygenase (NCED), protein phosphatase 2C (PP2C), early responsive to dehydration (ERD)] and stress protection [ascorbate peroxidase (APX), superoxide dismutase (Cu/ ZnSOD), aldehyde dehydrogenase (ALDH), glutamine amidotransferase (GAT)]. Briefly, NCED is a crucial enzyme for ABA biosynthesis because it catalyzes the first committed step cleaving cis-xanthophyll to xanthoxin, which is then converted to ABA (Nambara and Marion-Poll 2005) . Transgenic approaches in Arabidopsis thaliana (L.) Heynh. have shown the involvement of NCED in drought tolerance (Iuchi et al. 2001 , Frey et al. 2012 . PP2C is induced by high ABA levels and is an essential component in ABA signal transduction (Lorenzo et al. 2001 , Saavedra et al. 2010 . ERD proteins are transcription factors that act as regulators of ABA signaling. As ERD overexpression renders plants less ABA responsive and more drought susceptible, it exerts negative control on the downstream events (Kariola et al. 2006 , Aalto et al. 2012 ). The beech homologs of genes ERD15 and NCED1 have been studied in response to ozone (Jehnes et al. 2007 ) and PP2C from beech was cloned and overexpressed in Arabidopsis, supporting its role in ABA signal transduction (Reyes et al. 2006 ).
The antioxidative enzymes SOD and APX detoxify superoxide radicals and hydrogen peroxide, respectively. Their role in mediating drought tolerance has been known for a long time (Gupta et al. 1993 , Mittler and Zilinskas 1994 , Badawi et al. 2004 . In beech, APX and SOD undergo strong seasonal regulation Morawe 1995a, 1995b ) and the responsiveness of SOD to oxidative stress declines with increasing leaf age resulting in increased membrane leakage under acute oxidative stress (Polle et al. 2001) . Here, homologs to cytosolic Arabidopsis genes Cu/ZnSOD1 and APX1 were analyzed.
Aldehydes, which are formed as the result of stress-induced lipid peroxidation (Bartels and Sunkar 2005) , are removed by ALDH. Overexpression of ALDH increases dehydration tolerance in Arabidopsis (Sunkar et al. 2003) . ALDH2B7 from Arabidopsis, to which ALDH from F. sylvatica shows the highest homology, is localized in the mitochondrion and can oxidize acetaldehyde and glycolaldehyde (Skibbe et al. 2002 , Kirch et al. 2004 .
Furthermore, we selected GAT, also known as asparagine synthase, which synthesizes asparagine from aspartate and glutamine (van den Heuvel et al. 2002) . The expression of GAT is regulated by various stress factors and was identified as a constitutive drought marker in rice (Herrera-Rodríguez et al. 2007 , Degenkolbe et al. 2013 . In beech, GAT was induced after infection with Phytophthora citricola (Schlink 2009 ). We expected that GAT, which is involved in nitrogen metabolism, would also respond to drought because limited water availability suppresses beech nitrogen supply (Rennenberg et al. 2009 ).
In the present study, we selected five beech stands along a precipitation gradient from moist to dry conditions and determined their genetic structures. The natural regeneration from these stands was used in a common garden experiment with two soil moisture levels to investigate the expression of genes related to ABA signaling and stress. The responses of well-irrigated and drought-stressed saplings were compared during the early, mid-and late growing season. To link gene expression with plant performance, we determined progenyand drought-related effects on leaf area and membrane integrity in the absence and presence of acute oxidative stress. We hypothesized that progenies from dry sites exhibit constitutively higher expression levels of ABA-and stress-related genes and are less drought responsive than progenies from moist sites.
Materials and methods

Field sites and plant material
Five mature mono-specific beech (F. sylvatica) forests (Sellhorn, Unterlüß, Göhrde, Klötze, Calvörde) were selected along a 130-km-long NW-SE precipitation gradient from the Lüneburg Heath to the Altmark in the North German Plain (Lower Saxony, Saxony-Anhalt, Germany, Table 1 at the moist to 544 mm year −1 at the driest site, and the mean annual temperature increased along this gradient from 8.5 to 9.1 °C ( Table 1 ). The forest stands exhibited similar aboveground structures (closed canopies), had a similar tree age of 100-130 years and were stocking on similar soil substrates [Pleistocene fluvioglacial sands from the penultimate Ice Age (Saalian), up to 30% sand fraction, moderate-to-intense podzolic umbrisols].
Fresh leaves from at least 99 adult trees were sampled in summer 2009 (Göhrde, Calvörde and Unterlüß) and in summer 2012 (Sellhorn and Klötze) for genetic analysis. In summer 2011, 160 beech saplings (∼3-year-old and height of ∼0.2 m) from the natural regeneration were collected in each stand and transferred to the Experimental Botanical Garden of the University of Göttingen (51°33′N, 9°57′E, 177 m above sea level) for a common garden experiment. For this purpose, the forest soil was carefully washed off and the bare-rooted trees were planted individually in 5-l containers filled with coarse sand (Oppermann, Hedemünden, Germany) to a depth of 0.25 m. The unfertilized, fluviatile sand had a pH (KCl) of 6.2, a base saturation of 99.5% and contained 0.01 µmol N g −1 and 0.6 µmol P g −1 . All saplings were kept well watered and maintained outdoors during the growing season (mean air temperature: 17.7/11.9 °C day/night). In fall 2011, they were transferred to a climate chamber and kept at air temperatures of 4-7 °C and air humidity of 70-80% during the cold season. In April 2012, the plants were moved outdoors into the common garden and kept well watered until the experimental treatments started.
Experimental treatments and harvests
A three-factorial randomized block design was set up with the factors progeny (5), soil moisture (2) and time of the season (3). A total number of 150 trees (n = 5 per treatment) were placed under a mobile Perspex roof equipped with a rain sensor (Eltako, Fellbach, Germany), with the roof automatically moving over the plants when it rained. This allowed the control of the soil water content while providing outdoor conditions for the saplings. A shading net (Wunderlich, Osterode, Germany) reduced photosynthetically active radiation by ∼70%. Each plant was treated once before the beginning of the experiment with 150 ml of a biocide solution composed of 0.025% dimethoate (Perfekthion 40EC, BASF, Ludwigshafen, Germany), 0.04% fenazaquin (Magister 10EC, Margarita Internacional, Funchal, Portugal) and 0.15% tebuconazole (Folicur, Bayer AG, Monheim, Germany), and was fertilized thrice during the growing season with 200 ml of a 0.2% NPK 5-20-5 fertilizer solution (Wuxal P Profi, AGLUKON, Düsseldorf, Germany).
During the experimental phase from May to September, the microclimatic conditions were monitored (HOBO U10 data loggers, Onset, Cape Cod, MA, USA; iButton Thermocron Temperature, Maxim, San Jose, CA, USA) showing mean air temperatures of 17.5/12.0 °C (day/night) and root temperatures of 16.9/11.6 °C at a depth of 0.1 m.
The drought treatments started on 25 May 2012, after the termination of leaf expansion and were continued until September 2012. Two soil moisture regimes were established according to the target precipitation amount (during this period) at plant origin: (i) moist treatment with 260 mm, which resulted in an average soil moisture of 10% v/v soil water content (SWC) and (ii) dry treatment with 135 mm, which resulted in an average soil moisture of 2% v/v SWC. The SWC was monitored regularly to a soil depth of 0.16 m with a mobile TDR probe (time domain reflectometry probe; TRIME-FM2, IMKO GmbH, Ettlingen, Germany) in eight pots per treatment. Water lost by evapotranspiration was replaced every second day.
Whole trees of each progeny and soil moisture regime (n = 5) were sampled 4 (25 June 2012), 9 (30 July 2012) and 16 weeks (17 September 2012) after the start of drought stress. Leaves were removed from the stem and weighed. One leaf per tree (third or fourth fully expanded leaf from the top) was immediately frozen in liquid nitrogen for molecular analyses. Leaf disks were cut from fresh leaves and used for the determination of membrane leakage. The remaining leaves were used for leaf area analyses with WinFOLIA 2005b (Régent Instruments, Inc., Quebec, QC, Canada). All fractions were dried (72 h, 70 °C) and weighed. Total leaf area per tree was calculated as specific leaf area (leaf area per leaf mass) × total leaf mass of the tree (cm²).
Relative electrolyte leakage
Twenty leaf disks (6 mm in diameter) were cut and incubated at room temperature in 25 ml distilled water (ddH 2 O) or 1 mM Table 1 . Location, mean annual and summer precipitation, and mean annual and summer temperature of five beech forests. Mean annual climate data refer to long-term averages from 1971 to 2000. Summer is defined as the time period from May to September. Climate data were derived from weather station data provided by National Climate Monitoring of Deutscher Wetterdienst and were corrected for altitude.
Origin
Latitude ( paraquat (1,1′-dimethyl-4,4′-bipyridinium dichloride, SigmaAldrich, S Louis, MO, USA), an herbicide known to induce massive oxidative stress as described by Polle et al. (2001) . The conductivity (C) of the floating solution was measured at time zero (t o ), and after 4 and 24 h (LF 315/Set, WTW Wissenschaftlich-Technische Werkstätten, Weilheim, Germany).
To disrupt the tissue and to release all electrolytes into the solution, the samples were autoclaved (121 °C, 20 min, HST 6 × 6 × 6 Zirbus Technology GmbH, Bad Grund, Germany) and cooled to room temperature before the measurement of maximum electrolyte leakage (C max ). Relative electrolyte leakage (REL) was calculated as: REL(%) = (C t -C to ) × 100/(C max -C to ).
RNA extraction and analysis of gene expression
Leaves of the beech progenies were powdered in liquid nitrogen and used for RNA extraction as described by Chang et al. (1993) with minor modifications: the extraction buffer contained 2% β-mercaptoethanol, but no spermidine. The isolated RNA was dissolved in 30 µl ddH 2 O. The quality of 1 µl of the isolated RNA was controlled by gel electrophoresis and the RNA concentration was measured in a BioPhotometer (Eppendorf, Hamburg, Germany). One microgram RNA was used for the following steps: genomic DNA digestion with 'TURBO DNA-free' (Ambion, Austin, TX, USA) and subsequent cDNA synthesis with the 'First Strand cDNA Synthesis Kit' (Thermo Scientific, Waltham, MA, USA), each according to the manufacturer's protocol. The resulting cDNA was diluted 1 : 10 and used for quantitative real-time PCR in a LightCycler 480 (Roche, Mannheim, Germany). In each well 5 µl of diluted cDNA, 10 µl of SYBR Green I Master (Roche), 1 µl of a pair of forward and reverse primers (5 pmol) and 3 µl of ddH 2 O were mixed for the amplification reaction. Each biological sample was measured twice; five biological samples were measured per treatment and gene. The PCR program comprised the following steps: pre-incubation for 5 min at 95 °C, 45 cycles of amplification for 10 s at 95 °C, 10 s at 55 °C, and for 20 s at 72 °C. The relative expression was calculated as:
where E is the primer efficiency (Table S1 available as Supplementary Data at Tree Physiology Online). The primer efficiency was determined by a dilution series and ranged between 1.8 and 2.0 for the genes of this study. The primer sequences for the target genes were obtained for Actin from Olbrich et al. (2008) , for NCED from Jehnes et al. (2007) or were designed using the programs Oligo Explorer and Oligo Analyzer (Gene Link, Hawthorne, NY, USA). Gene names, accession numbers and primer sequences have been compiled in Table S1 available as Supplementary Data at Tree Physiology Online.
DNA extraction and microsatellite analysis
Total DNA was extracted from leaves of the mature forest trees using the DNeasy 96 Plant Kit (Qiagen, Hilden, Germany). The amount and the quality of the DNA were analyzed by 1% agarose gel electrophoresis with 1 × TAE as the running buffer (Sambrook et al. 1989) . Deoxyribonucleic acid was stained with Roti ® -Safe GelStain (Roth, Karlsruhe, Germany), visualized by UV illumination and compared with a Lambda DNA size marker (Roche).
To analyze the genetic structures of beech populations, nine highly polymorphic microsatellite markers were used. Four of them were originally developed for Fagus crenata (Blume) (sfc0018, sfc0161, sfc1063, sfc1143; Asuka et al. 2004) , whereas two of them were directly developed for F. sylvatica (FS 3-04, Pastorelli et al. 2003; mfs 11, Vornam et al. 2004 ). In addition, three EST microsatellite markers were applied, originally developed and transferred from Quercus robur (L.) (GOT 066, FIR 065, FIR 004; Durand et al. 2010 ). We performed multiplexing of two to four primers, labeled with different fluorescent dyes (6-carboxyfluorescein: sfc1063 sfc0161, FIR004, mfs11; 6-hexafluorescein: sfc0018, sfc1143FIR065, FS 3-04) in Set 1: all sfc loci, Set 2: FS 3-04 and mfs 11 and Set 3: GOT 066, FIR 065, FIR 004.
Polymerase chain reaction amplifications were conducted in a 15-µl volume containing 2 µl of genomic DNA (∼10 ng), 1 × reaction buffer (0.8 M Tris-HCl pH 9.0, 0.2 M (NH 4 ) 2 SO 4 , 0.2% w/v Tween-20; Solis BioDyne, Tartu, Estonia), 2.5 mM MgCl 2 , 0.2 mM of each dNTP, 1 unit of Taq DNA polymerase (HOT FIREPol ® DNA Polymerase, Solis BioDyne) and 0.3 µM of each forward and reverse primer. The PCR protocol consisted of an initial denaturation step of 95 °C for 15 min followed by 30 cycles of 94 °C for 1 min (denaturation), 47 °C (for the EST primer set 3) or 55 °C (for primer sets 1 and 2) for 30 s (annealing), 72 °C for 1 min (denaturation) and a final extension step of 72 °C for 20 min. Microsatellite fragments were separated on an ABI PRISM ® 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Data were collected and aligned with the help of the internal size standard GS 500 ROX™ using GeneScan 3.7 ® (Applied Biosystems). Fragments were scored with the software Genotyper 3.7 ® (Applied Biosystems).
Data analysis
Nei's genetic distance (Nei 1972 ) and the molecular diversity indices 'number of alleles' (N a ), 'observed heterozygosity' (H o ), 'expected heterozygosity' (H e ) as well as the analysis of molecular variance (AMOVA) and pairwise F ST (both based on 9999 permutations) between the adult stands were calculated with the software GenAlEx, version 6.5 Smouse 2006, 2012) . The unweighted pair group method with arithmetic mean dendrogram, based on Nei's distance, and the bootstrap values based on 1000 permutations were calculated with the software Populations, version 1.2.32 (Langella 1999 relative transcript abundance are shown as means (±SE). After testing for normality (skewness, kurtosis), multivariate analysis of variance (MANOVA) was conducted to determine the effects of the main factors progeny, drought and time, and their interactions. Treatment effects were considered to be significant when the P values were ≤0.05. Post-hoc tests were performed to discriminate between means using Fisher's least-significant difference procedure; homogeneous groups were considered to be significantly different when the P value was <0.05.
The P values are indicated in the Results section as post-hoc P. Correlations between the expression levels of different genes were tested by the Spearman rank correlations.
Principal component analysis (PCA) was performed using the free PAST software package 2.17c (http://folk.uio.no/ohammer/ past/; Hammer et al. 2001 ). Data were analyzed as correlation matrix based on Euclidean distances.
Results
Genetic structure of beech stands along a precipitation gradient
The genetic distances (Nei 1972) between the adult stands were relatively low and ranged from 0.015 between the stands Göhrde and Calvörde to 0.053 between Unterlüß and Göhrde ( Table 2 ). The mean genetic distance between all stands was 0.037. In the dendrogram, only the stands Göhrde and Calvörde grouped close together whereas the remaining stands did not show a distinct clustering (Figure 1 ). All clades were supported by significant bootstrap values. The genetic differentiation between the stands did not reflect the geographic distances or mean precipitation, but clearly showed significant differences between all populations (mean pairwise F st = 0.012, P < 0.01). However, the differences in the molecular diversity indices between the different populations were low (Table 3 ). The number of alleles ranged from 7.556 for the population Klötze to 8.444 for the population Göhrde. The observed heterozygosity ranged from 0.594 for the population Unterlüß to 0.611 for the population Sellhorn. The mean expected heterozygosity was 0.610, with the lowest value being found for the population Klötze (H e = 0.582) and the highest for the population Göhrde (H e = 0.638). The AMOVA revealed that 97% of the molecular variance could be found within populations and 3% among them.
Stress responses of beech progenies from different locations across a precipitation gradient
Leaf area is an indicator for plant growth and critically determines drought responses. The natural regeneration from the five genetically distinct beech forests showed significant differences in leaf area, generally with larger leaf areas present on progenies from moister sites than on those from drier sites (P = 0.005, Figure 2A ). Drought stress resulted in decreased total leaf area compared with well-watered trees (P = 0.010, Figure 2A ).
To test whether drought stress affected cellular integrity, REL was determined after 24 h incubation of leaf disks in water ( Figure 2B ). Progenies from drier origins showed lower REL than those from moister origins (P < 0.001, Figure 2B ). Relative electrolyte leakage increased toward the end of the growing season (post-hoc P < 0.05) and increased in response to drought stress (P < 0.001, Figure 2B ). Higher drought sensitivity of the progeny from Sellhorn (moist site) than those from the drier sites is indicated by significant interactions between SWC × time and progeny × SWC × time (post-hoc P < 0.05, Figure 2B ).
The ability to cope with an acute stress situation was tested by challenging the leaf disks with paraquat, a herbicide known to induce massive oxidative stress (Polle et al. 2001) . Early in the growing season, leaves from Sellhorn progenies, which originate from the most mesic site, withstood oxidative stress better than those from drier sites (post-hoc P < 0.05, Figure 2C ). Toward the end of the growing season, REL was reduced, indicating higher protection from paraquatinduced oxidative stress in all progenies (post-hoc P < 0.05, Figure 2C ). Leaves from drought-stressed trees exhibited generally lower REL in paraquat than those from unstressed trees, but the magnitude of the ameliorating effect was very small (P = 0.042, Figure 2C ).
ABA-related gene expression in beech progenies from a precipitation gradient
The expression of NCED, which is required for ABA biosynthesis, increased from the beginning toward the end of the growing season (post-hoc P < 0.05) and was higher in progenies from moister sites than in those from drier sites (posthoc P < 0.05, Figure 3A ). Drought stress affected NCED only at the end of the growing season, with the strongest increases in progenies from Sellhorn and Unterlüß (moist sites, post-hoc P < 0.05, Figure 3A ).
In contrast to NCED, the expression of PP2C, a phosphatase involved in ABA signal transduction, decreased toward the end of the growing season (post-hoc P < 0.05). Progeny-related differences in PP2C expression were found (P = 0.001), which were, however, less pronounced than those found for NCED. Drought stress resulted, in most cases, in increases in PP2C, which were generally stronger early in the growing season than at the end of the growth phase (interaction progeny × drought, P = 0.018, Figure 3B ).
The expression of ERD15, an ABA-responsive transcription factor that attenuates ABA responses, was higher in progenies from moist than in those from drier sites (post-hoc P < 0.05), increased toward the end of the growing season (P = 0.013) and increased in response to drought stress (P < 0.001). The responses were stronger in progenies from Sellhorn and Unterlüß than in those from the other sites (interaction progeny × drought, Figure 3C ).
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Figure 2. Leaf area (LA) of young beech (F. sylvatica) trees (A), relative electrolyte leakage (REL %) of leaf disks after incubation in water (B) or paraquat (PQ) (C). The beech trees originated from five locations (SE, Sellhorn; UN, Unterlüß; GÖ, Göhrde; KL, Klötze; and CA, Calvörde). Data are arranged from moist to dry sites. The trees were maintained in a common garden experiment with sufficient water availability (gray bars) or drought (black bars) imposed by soil water contents SWC of 10 and 2% v/v, respectively, and harvested in the growing season after 4, 9 and 16 weeks of drought. Scale bars indicate means ± SE (n = 5). 
Stress-related gene expression in progenies from a precipitation gradient
The expression of SOD, APX and ALDH, which are genes encoding enzymes required for the scavenging of superoxide radicals, hydrogen peroxide and toxic aldehydes, was higher in Sellhorn progenies than in those from the other sites (posthoc P < 0.05 for each gene, Figure 4 ). SOD and ALDH showed intermediate expression levels in progenies from Unterlüß and Göhrde and very low expression levels in progenies from the driest sites, Klötze and Calvörde ( Figure 4A and C) . The expression levels for SOD and ALDH increased at the end of the growing season in the Sellhorn progenies (post-hoc P < 0.05 for each gene, Figure 4A and C).
The expression levels of APX were lower than those of SOD and ALDH (post-hoc P < 0.001 for both comparisons) and decreased toward the end of the growing season compared with mid-season values (post-hoc P < 0.05, Figure 4B ). Drought stress resulted in increased APX levels (P = 0.001), but the magnitude of this effect was relatively small ( Figure 4B ).
We also determined the expression of GAT, which is expected to respond to drought-induced changes in nutrient supply. GAT expression was highest in progenies from Sellhorn, intermediate in those from Unterlüß and Göhrde and lowest in those from Klötze and Calvörde (P < 0.001, Figure 5 ). GAT expression levels increased toward the end of the growing season (P < 0.001, Figure 5 ). In contrast to our expectation, they were not affected by drought (P = 0.299, Figure 5 ).
Correlation analyses conducted for the transcript levels of the genes revealed significant relationships for most of the genes studied (Table S2 available as Supplementary Data at Tree Physiology Online). Exceptions were PP2C levels, which were only correlated with ERD and APX, and APX levels, which were not correlated with NCED and ALDH (Table S2 available The leaves were obtained from progenies originating from five sites (SE, Sellhorn; UN, Unterlüß; GÖ, Göhrde; KL, Klötze; CA, Calvörde). Data are arranged from moist to dry sites. The trees were maintained in a common garden with sufficient water availability (gray bars) or drought (black bars) imposed by SWC of 10 and 2%, respectively, and harvested in the growing season after 4, 9 and 16 weeks of drought. Scale bars indicate means ± SE (n = 4-5). Figure 4 . Relative transcript abundance (rel. TA) of superoxide dismutase (SOD, A), ascorbate peroxidase (APX, B) and aldehyde dehydrogenase (ALDH, C) in leaves from beech (F. sylvatica). The leaves were obtained from progenies originating from five sites (SE, Sellhorn; UN, Unterlüß; GÖ, Göhrde; KL, Klötze; CA, Calvörde). Data are arranged from moist to dry sites. The trees were maintained in a common garden with sufficient water availability (gray bars) or drought (black bars) imposed by SWC of 10 and 2%, respectively, and harvested in the growing season after 4, 9 and 16 weeks of drought. Scale bars indicate means ± SE (n = 4-5). Figure 5 . Relative transcript abundance (rel. TA) of glutamine amidotransferase (GAT; syn. asparagine synthase) in leaves from beech (F. sylvatica). The leaves were obtained from progenies originating from five sites (SE, Sellhorn; UN, Unterlüß; GÖ, Göhrde; KL, Klötze; CA, Calvörde). Data are arranged from moist to dry sites. The trees were maintained in a common garden with sufficient water availability (gray bars) or drought (black bars) imposed by SWC of 10 and 2%, respectively, and harvested in the growing season after 4, 9 and 16 weeks of drought. Scale bars indicate means ± SE (n = 4-5).
Mutivariate analysis of progeny-and drought-related performance of young beech trees
To determine the main factors responsible for progeny-related differences and stress responsiveness, PCAs were conducted for early, mid-and late time points in the growing season using all measuring variables (Figure 6 ). PC1 was the main component representing 40.2-42.0% of the variation and roughly ordering the five progenies according to the precipitation at the sites of their origin ( Figure 6 , Table S3 available as Supplementary Data at Tree Physiology Online). Although mean summer precipitation was included, ALDH, GAT and SOD were the main positive loadings of PC1 with high correlation with r values ranging from 0.82 to 0.93 (Table S3 available as Supplementary Data at Tree Physiology Online). Negative loadings of the PC1 were acute stress responses (PQ4 with r > 0.6) at early and mid-season time points ( Figure 6A and B), whereas no significant negative loading was determined for PC1 at the end of the growing season ( Figure 6C ).
PC2 and PC3 separated drought-stressed from unstressed treatments, but their contributions to the variation were less important than PC1 (13.1-17.6% for PC2; 10.7-13.0% for PC3, Table S3 available as Supplementary Data at Tree Physiology Online). For PC2, SWC was the most significant loading with r = 0.84 in the mid-season ( Figure 6B ), whereas leaf area was the main loading early and late in the growing season with r = 0.61 and 0.76, respectively ( Figure 6A and C) . The main loadings of PC3, which was similarly important as PC2, were SWC with −0.50 and 0.50 early and late in the growing season and leaf area (r = 0.82) in the mid-season (Table S3 available as Supplementary Data at Tree Physiology Online). Soil water content as the main loading was always opposed by PP2C as the main loading for the opposite direction with 0.79 (early season), −0.70 (mid-season) and −0.57 (late season) on either the first or the second PCA axis.
Discussion
Beech populations exhibit strong differentiation of stress-related gene transcription, but not of neutral genetic markers
Beech populations display high genetic variation in natural and managed stands and even in stands that are geographically close to each other (Buiteveld et al. 2007, Jump and Penuelas 2007) . In concordance with other studies applying neutral genetic markers (Vornam et al. 2004 , Chybicki et al. 2009 , Gömöry et al. 2010 , we found that the beech trees from the five locations analyzed here exhibited only very little variation between and high variation within the populations. The applied neutral markers were sufficient to distinguish the populations, but the genetic distances did not reflect the climatic gradient of the sites. A reason for this result was probably that neutral markers are under lower selection pressure than adaptive genes. However, some studies found evidence for ongoing selection in beech. For example, Jump et al. (2006a) identified a gene locus the frequency of which correlated with temperature in populations at the southern range edge of beech in Spain, where increasing temperatures enhanced evaporative demand and resulted in growth decline (Jump et al. 2006b ). Jump et al. (2006a) suggested that this locus may indicate an adaptive in-situ response to the changing environment. Beech populations in Switzerland also exhibited higher differentiation than expected from some genetic markers in trees of a dry site compared with those of a mesic site (Pluess and Weber 2012) . This finding suggested ongoing selection, but no correlation between the genetic diversity indices and growth was observed (Pluess and Weber 2012) .
In addition to neutral genetic markers, we used the transcript abundance and stress responsiveness of a number of structural genes to distinguish between genetic adaptation and flexible stress adjustment. Principle component analysis of transcript abundances of stress-related genes and physiological parameters roughly ordered the populations according to their sites of origin. Numerous previous investigations using beech provenances or ecotypes from different (micro-)geographic areas have already identified physiological and phenotypical differences that suggested the presence of adaptive traits (Peuke et al. 2002 , Czajkowski and Bolte 2006 , Meier and Leuschner 2008 , Rose et al. 2009 , Robson et al. 2012 , Stajner et al. 2013 . Our results show that GAT, ALDH, SOD and with slightly lower impact also ERD were the major factors ordering the progenies according to precipitation gradient (Sellhorn > Unterlüß ≥ Göhrde ≥ Klötze > Calvörde). The expression levels of these genes were also strongly correlated. These findings suggest that these genes were either direct or indirect targets of selection.
In contrast to our initial hypothesis, SOD, ALDH and GAT were constitutively lower and not higher in progenies from dry than from mesic sites. Furthermore, the transcript levels increased toward the end of the growing season more strongly in beech trees from mesic than in those from dry sites. These observations suggest that beech origins from sites with higher precipitation may have an increased need to detoxify products of oxidative stress. In fact, leaves from unstressed Sellhorn beeches, the site with the highest annual precipitation, exhibited higher membrane leakage than those from the other sites pointing to higher constitutive production of reactive oxygen species than in the other beech progenies. Currently, we can only speculate about the reasons for these results. It is possible that beeches from drier sites avoid production of toxic metabolites by as yet unknown mechanisms, whereas those from sites with sufficient precipitation protect themselves by enhanced activation of scavenging mechanisms. As detoxification is energy and reductant consuming, we speculate that prevention of oxidant production may be more favorable than permanent scavenging in progenies from dry sites. Figure 6 . Principal component analysis of all measuring parameters in June (A), July (B) and September (C). Each progeny is indicated by the minimum hulls with light colors for drought-stressed and full colors for non-stress trees: gray, Sellhorn (Se); red, Unterlüß (Un); yellow, Göhrde (Gö); green, Klötze (Kl); blue, Calvörde (Ca). ADH, aldehyde dehydrogenase; APX, ascorbate peroxidase; C24, membrane leakage after water incubation; ERD, early dehydration responsive protein; GAT, glutamine amidotransferase; LA, leaf area; NCED, 9-cis-epoxy-dioxygenase; PP2C, protein phosphatase 2C; PQ4, membrane leakage after paraquat treatment; SWC, soil water content.
Other selected genes in our study also showed significant site-of-origin-related differences in transcript abundance. However, these genes contributed less than SOD, GAT and ALDH to the order of the progenies on PC1. Among these genes, the transcriptional regulation of ERD is noteworthy because ERD is a negative regulator of ABA sensitivity. Increased transcript levels of ERD in Sellhorn beeches therefore suggest that the sensitivity to ABA is lower in these progenies than in those from the other sites. Abscisic acid is known for its role in stomatal closure, but many other downstream effects of ABA have been recognized such as its antagonizing effect on growth and upregulation of proteins involved in osmotic adaptation, e.g., LEA proteins, dehydrins, etc. (Cutler et al. 2010 ). The present results may imply that selection acts on the balance between the capacity for detoxification of injurious metabolites and the presence of pre-formed anti-drought proteins. It is clear that more work is required in future to identify adaptive traits in beech and unravel their molecular basis.
Stress-related genes exhibit seasonal changes and differ in drought responsiveness
Antioxidative enzymes play important roles in plant development and adaptation to environmental stresses (Suzuki et al. 2012) . It is therefore critical to balance the removal and production of reactive species throughout the plant's life (Suzuki et al. 2012) . Antioxidative systems as well as transcript abundances in beech leaves vary with tissue age and physiological stage (Polle and Morawe 1995b , Luwe 1996 , Olbrich et al. 2009 ). Furthermore, the stress susceptibility of beech leaves varies during the growing season and is generally higher in young than mature leaves (Polle et al. 2001) . Here, acute stress imposed by paraquat also resulted in stronger membrane injury at the earlier time points (June and July) than in September, with the exception of the progeny Sellhorn, whose leaves exhibited higher antioxidative capacities than those from the other sites. Notably, the leaves from drought-exposed plants were either not or only marginally better protected from acute oxidative injury, suggesting that stress did not trigger enhanced responsiveness or generally higher activation of the antioxidative defenses. This notion is also supported by the relatively small increases in transcript levels of SOD, APX and ALDH in response to drought.
Many studies, mostly conducted with crops or herbaceous model plants, have shown that overexpression of enzymes such as SOD, APX and ALDH increased drought protection (Reddy et al. 2004 , Kotchoni et al. 2006 , Foyer and Noctor 2009 , Kar 2011 . A drawback of our analysis is that only a limited number of stress-related genes were analyzed and that the genes included here are members of larger families. Therefore, the current analysis provides only a glimpse into the drought regulation of antioxidative systems in beech. However, the finding that membrane leakage of drought-stressed leaves was not much changed compared with that of non-droughtstressed leaves supports our suggestion that plasticity or flexibility of antioxidative defenses may not play a major role in stress amelioration in beech.
In concordance with other studies (Cutler et al. 2010 , Raghavendra et al. 2010 , our results point to ABA signaling as a critical drought response. Among the analyzed genes, PP2C was the only one the transcript abundance of which was a main driver separating drought-and non-drought stressed behavior in the PCA. PP2C loading was opposed to SWC. However, the separation of drought-and non-stressed treatments was less important (∼17 or 11% of the variation) than plant origin (40% of the variation). PP2C is probably the best studied gene in European beech (Lorenzo et al. 2001) . It was isolated from beech nuts, induced by ABA in seeds during dormancy, but not in other vegetative tissues (Lorenzo et al. 2001) . Our data show that its drought inducibility depends on the beech population studied and was generally stronger early than late in the growing season. Heterologous overexpression of beech PP2C in Arabidopsis rendered the plants more stress sensitive (Reyes et al. 2006) . Furthermore, beech PP2C interacts with PYL/ RCAR in the presence of ABA and thereby enables the transcription of drought-responsive target genes (Saavedra et al. 2010) . Here, decreased PP2C and increased NCED levels imply higher ABA biosynthesis, but lower sensitivity in fall than at earlier time points. Overall, this pattern was more pronounced in beech from moister than in those from drier sites, underlining that intra-specific progeny-related differences exist to cope with drought.
Conclusion
There is now increasing awareness that our knowledge on stress responses and regulation, gained by in-depth analysis of model plants such as A. thaliana, is often not applicable to other plant species (Martin 2013) . Our attempts to increase an understanding of non-model plants have to be reinforced because climate change with decreasing water availability and increasing temperatures is expected to limit the current range of many plant species, especially of long-lived forest trees. The present study addresses the adaptability of beech, an economically important, widespread species in European temperate forests, to drought. Analyses of the transcriptional regulation of genes for drought signaling and defense throughout the growing season uncovered intra-specific differences in constitutive expression and drought responsiveness. The progeny-related differences were stronger than the stress responses, suggesting that the selection for drought adaptation might have already taken place in local beech populations. An important future task will be to elucidate the molecular reasons for the observed differentiation.
